M agnetic Resonance Imaging (MRI) relies on the principle of nuclear magnetic resonance and involves the patient being placed in a strong static magnetic field, with the image being formed using short pulses of low-frequency (kHz range) magnetic field gradients and high-frequency (hundreds of MHz) radio-frequency (RF) pulses. Clinical MRI scans of the eye are currently performed at a field strength of either 1.5 or 3 Tesla.
With the arrival of higher (7 Tesla) commercial MRI systems, a higher signal-to-noise ratio can be achieved in the image, which can also be utilized for improved spatial resolution. Highresolution, high-field MRI scans may become an important tool for imaging the structures of the eye and retina, since conventional imaging methods like ultrasound imaging, partial coherence interferometry, and optical coherence tomography are limited by optical distortions or depth visualization, and have limited penetration through ocular structures such as the iris and sclera. [1] [2] [3] [4] MRI provides depth visualization of the entire eye in any desired anatomic plane. Moreover, MRI does not obstruct binocular vision and enables research of accommodating structures of the eye. 3 Prior to undergoing an MR examination, every patient should be screened in order to ensure safety and, in a broader sense, confirm that any implants present are MR compatible. The term ''MR compatibility'' indicates that an object or a device, when used in the MR environment, does not significantly reduce the quality of the diagnostic information via the formation of image artifacts, and that its operation will not be detrimentally affected by the MR device (i.e., it is MR safe). In this sense, safety is defined as the lack of potential injury to the individual and is determined by evaluating whether physical movement or heating of the implant is induced during MR imaging. 5 Knowledge of specific types of implants is essential for screening patients before MRI. All tested implants are considered safe up to a field strength in which they were tested. For higher field systems, all objects and devices should be retested for safety and compatibility prior to screening patients because of the shorter RF wavelengths involved.
Cataract surgery with IOL implantation is the most commonly performed surgery, and incidence is still increasing. [6] [7] [8] Because millions of people undergo cataract and refractive surgery with intraocular lens (IOL) implantation worldwide, testing IOLs at a high magnetic field strength MRI is essential in order to warrant the patient's safety. Keizer and Strake tested a selection of IOLs in a magnetic field strength of 1.0 Tesla. 9, 10 To our knowledge no testing of IOLs at a field strength of 7 Tesla has been performed.
There are a variety of IOLs on the market, some containing different colors, such as blue-blocking IOLs or IOLs made with colored haptics. In addition, specific older types of IOLs contain metal. The different elements and the composition of an IOL, for example, the presence of dyes or metal, may cause movement and/or heating during an MR procedure. To illustrate the significance, stents, vascular clips, and other implants containing metal elements are being thoroughly tested for MR compatibility as they may be subject to movement or heating. 11 Furthermore, dyes based on iron oxide, as seen in permanent makeup and decorative tattoos, are notorious for causing burning of the skin during an MR procedure. [12] [13] [14] Our hypothesis was that scanning IOLs containing either metal or dyes would cause a higher rise in temperature on or near the IOL due to RF heating, in comparison to clear IOLs. To test this hypothesis, clear and colored IOLs with various geometric shapes, as well as an IOL containing metal, were exposed to a 7-Tesla MR field and examined for magnetically induced movement, heating, and artifact formation. The purpose of this study was to ascertain whether the presence of an IOL, when performing an MR examination at a field strength of 7 Tesla, can influence the image quality or cause damage to the eye as a result of heating or movement.
METHODS
The IOLs tested were obtained from various manufacturing companies (see Table 2 ). A set of 23 IOLs was selected, based on the presence of dyes or metal and different geometric shapes. MRI compatibility of the IOLs was evaluated according to American Standard Test Methods (ASTMs) F2052-06 and F2182-09 for magnetically induced displacement and radio frequency-induced heating. 15, 16 The formation of magnetic susceptibility-induced image artifacts was also evaluated. MR was performed on an Achieva whole body 7 Tesla MR system (Philips Healthcare, Best, The Netherlands), which is used for clinically related research at Leiden University Medical Center.
Phantom Formulation
A phantom (gel) was formulated with tissue mimicking conductivity and permittivity for imaging the IOLs and heating tests, according to ASTM protocol. The gel consisted of 1.55 g/L sodium chloride (NaCl) and 31 g/L hydroxyethylcellulose (HEC) in water. To obtain a gel free of air bubbles, suitable for imaging the IOLs, the following procedure was used: A container was positioned in an ultrasound bath. NaCl was added to the water and stirred manually for 20 minutes until completely dissolved. Thereafter, the gel was slowly stirred using an electric stirrer for a period of at least 3 hours until a uniform gel was formed. Finally, the gel was positioned in the 7-Tesla scanner room for at least 24 hours prior to testing, to obtain a transparent gel that was free of bubbles and at room temperature.
Magnetically Induced Displacement
The magnetically induced displacement was measured via the angular deflection of the IOL, using a protractor mounted on a stand with the zero degree mark at the ''6 o'clock position.'' The first step was to determine the position along the longitudinal axis of the magnet that gives the maximum deflection angle. To perform this measurement, a slightly ferromagnetic object was hung on a 0.1-mm diameter nylon string. The protractor stand was placed at the center of the patient table in the left-right direction, and the reference position corresponding to maximum deflection was determined by incrementally moving the tabletop into the magnet. Subsequently, the angular deflection from the vertical was measured for all IOLs with the protractor placed at the reference position. During all these measurements, the air circulation in the scanner bore was switched off. In the case where the deflection angle equals 458, the pulling force exerted by the magnet equals that of gravity. Magnetic forces are considered significant only when the deflection angle is greater than 458. 15 Radio Frequency-Induced Heating Radio-frequency heating tests were performed with a 6-cm diameter transmit/receive surface coil, which is used for imaging the eye at 7 Tesla. The surface coil is segmented by four equal-value capacitors, to reduce the conservative electric field from the coil. A pi network is used to impedance match the coil to 50 v. The IOLs were placed in a small chamber formed within an acrylic sheet, which was filled with the formulated gel. An MR-compatible fiber-optic temperature sensor (Opsens, Quebec, Canada) was positioned using a 1-mm-diameter groove, which bisected the chamber so that its tip was positioned within 2 mm of the IOL (Fig. 1) . A separate reference measurement, without an IOL present, was performed with the same set-up to determine the temperature rise of the gel itself. The position of the temperature probe was checked prior to and immediately after scanning, for correct and stable positioning. The air circulation was switched off, and the surface coil was placed on top of the chamber, with a 5-mm thick spacer between the chamber and the RF coil. In order to present the ''worst case scenario,'' the coil was placed off-center with respect to the IOL, so the electric field close to the IOL was at its maximum value. The temperature was monitored during a conventional multi-slice gradient echo (GRE) sequence used for imaging the eye, with power settings above the regulatory clinical scanning parameters. By manipulating the flip angle, repetition time, and allowable maximum RF amplifier, the time-averaged specific absorption rate (SAR) was increased by a factor of 10. This resulted in an averaged SAR of approximately 5 W/kg-well above the value that would be used in any clinical study, which in normal operating mode is limited to 2 W/kg. A period of between 2 and 5 minutes was allowed after placing the set-up in the magnet before temperature data acquisition began in order to allow thermal equilibrium to be established; the criterion for this was a temperature change of no more than 0.18C over 1 minute. Measurements were performed at least in duplicate per IOL and spread over three sessions. For each session, the test assembly was rebuilt, and a minimum of three reference measurements were taken.
Evaluation of Image Artifacts
In order to measure any magnetic susceptibility-induced image artifacts, the IOLs were suspended from a nylon string and placed in a box filled with the formulated gel. · 115 mm. In post-processing, multi-planar reformats were made to reconstruct images parallel and perpendicular to the IOL. All images were visually inspected to determine the presence of any signal voids, and the spatial extent of the voids was determined using the measuring tool as provided by the manufacturer.
RESULTS
An overview of results per group (clear, dyed, and metalcontaining IOLs) is shown in Table 1 . An overview of individual details for IOL properties and measurement results is shown in Table 2 .
The capsular tension ring (Ophtec, Groningen, The Netherlands) was excluded from the deflection tests because the weight of the capsular tension ring was insufficient to pull the string straight down. All other IOLs had sufficiently significant weight to pull the nylon string vertically. A maximum of 18 of deflection was observed during the magnetically induced displacement tests. This is well under the 458 that is considered the threshold for significant deflection. Temperature rises of 0.058C 6 0.088C, 0.078C 6 0.078C, and 0.078C 6 0.068C were observed for the clear, dyed, and metal-containing IOL groups, respectively (Table 1) , compared with the control gel. The difference between groups was not statistically significant (ANOVA, P ¼ 0.856). A maximum temperature rise of 0.258C was measured. The values are essentially identical to that measured in the control gel in the absence of any IOL, suggesting no extra contribution to temperature rise was invoked by the presence of the IOL. The relative mean temperature rise of RF heating, per tested IOL, is shown in Figure 2 .
A susceptibility artifact of 4 · 5 · 4 mm (width · length · depth) was observed as a signal void at the position of the platinum component of the Worst Platinum Clip IOL (Fig. 3) . None of the other 22 IOLs caused measurable susceptibility artifacts (Fig. 4) .
DISCUSSION
Various objects used in ophthalmology have been evaluated for safety at various field strengths for safety during an MR procedure. 10, [17] [18] [19] [20] [21] [22] De Keizer and te Strake tested IOLs at a field strength of 1.0 Tesla. 9 Testing of eyelid implants has been performed at a magnetic field strength of 7 Tesla by Schrom et al. 24 The Ex-PRESS glaucoma shunt has been tested at a field strength of up to 4.7 Tesla. 18 To our knowledge, this is the first time IOLs have been tested at a 7-Tesla magnetic field strength for compatibility during an MR procedure. Testing was done according to ASTM protocol for magnetically induced displacement and radio frequency-induced heating. The formation of magnetic susceptibility-induced image artifacts was also evaluated.
The first safety concern is that an IOL might contain magnetic components, which could experience a force from the static magnetic field (and the gradient in the static magnetic field when the patient is slid into the magnet), which in turn could cause physical movement of the implant and thus damage to the eye. Physical movement of the IOLs was evaluated by measuring the magnetically induced displacement. According to the ASTM standard testing method for magnetically induced displacement, the weight of the nylon string should be no more than 1% of that of the tested devices for the deflection experiment in order for the weight of the string to be considered negligible. In this study, this criterion did not meet strict ASTM standards because of the lightness of the IOLs. We conclude that, within measurement error, there is effectively 08 of deflection, meaning no displacement of the IOLs resulting from the magnetic forces exerted by the static magnetic field. Furthermore, taking into consideration that in vivo resistance is provided by ocular tissue, a maximum deflection angle of 18 due to the magnetic field is highly unlikely to result in any movement of the IOLs in vivo; thus the risk of displacement caused by the magnetic force is smaller than the risk that is imposed by normal daily activity in the Earth's gravitational field.
During MRI, high-frequency pulses of radio-frequency energy are used to excite the protons. Depending on the material properties, size, and shape of an implant, an electric current may be formed or (part of) the object or device may act as an antenna, causing heating, which may lead to serious burning of the surrounding tissue. 25 Problems of excessive heating and the induction of electric currents are typically associated with implants that have elongated configurations and/or are electronically activated. Furthermore, the presence of dyes may cause heating, as is seen in metal-based dyes used in tattoos and permanent makeup. [12] [13] [14] RF temperature measurements are complex to perform and multi-parameter dependent. Conditions such as room temperature and ventilation, positioning of the test assembly in the bore, and the position of the temperature probe to the IOL were carefully monitored during the study. Nevertheless, five IOLs showed a minimal negative temperature rise compared with the control gel. This can be explained by physiological fluctuations in room temperature and by the complexity and multi-parameter dependence of the measurement method. We measured a maximum temperature rise of 0.258C with MR power levels much above regulatory limits. Based on safety standards for MR systems published by the International Electrotechnical Commission (IEC), for healthy subjects with a normal core body temperature of 378C, the spatially localized temperature limit of the head is set at 388C. 23 This indicates a maximum temperature rise of the head of 18C during normal MR operation modes. The maximum temperature increase we observed is well below the value set by the IEC, meaning no safety issues. Furthermore, measurement in vitro of temperature rise is likely to overestimate the actual temperature rise for an implant in situ, since natural convection in wet tissue will also reduce temperature rise when these conditions are present at or near the implant. 16 Between the clear, dyed, and metal-containing IOL groups, no statistical difference in temperature rise was found. Hence, we conclude that there is no additional safety risk for RF heating for the tested dyed and metal-containing IOLs compared with the clear IOLs.
Finally, in order to help clinicians make a decision about the appropriateness of a given MRI scan for a patient with an implant, a statement about image artifact formation of a given object or device should be determined. If an IOL induces a susceptibility artifact, this may lead to diagnostic misinterpretation and/or it may mistakenly be apportioned to pathology if not recognized as such. It is known that platinum can cause low-level susceptibility artifacts. 26 Schrom et al. observed an artifact of platinum-containing eyelid implants. 24 In accordance with their findings, an artifact was observed at the position of the platinum component of the Worst Platinum Clip IOL. Although the artifact we observed around the platinum pin of the Worst Platinum Clip IOL is quite small in terms of size (4 · 5 · 4 mm), it would cover a relatively large part of the field of view, hampering 7-Tesla eye imaging. No other IOL showed any measurable image artifact.
In conclusion, all tested IOLs are considered safe for MR imaging at a field strength of up to and including 7 Tesla. Further testing of other surgical materials and implants used in ophthalmology should be performed as well, in order to ensure a patient's safety.
